Short stature caused by biologically inactive growth hormone (GH) is characterized by lack of GH action despite high immunoassayable GH levels in serum and marked catch-up growth to exogenous GH administration. We found a heterozygous single-base substitution (A → G) in exon 4 of the GH-1 gene of a girl with short stature, clinically suspected to indicate the presence of bioinactive GH and resulting in the substitution of glycine for aspartic acid at codon 112. We confirmed the presence of mutant GH in the serum using isoelectric focusing analysis. The locus of mutation D112G was found within site 2 of the GH molecule in binding with GH receptor (GHR)/GH binding protein (GHBP). The expressed recombinant mutant GH tended to form a 1:1 instead of the 1:2 GH-GHBP complex normally produced by wild-type GH. The formation of a 1:2 GH-GHBP complex is compatible with the dimerization of GHRs by GH, a crucial step in GH signal transduction. Mutant GH was less potent than wild-type GH not only in phosphorylation of tyrosine residues in GHR, janus kinase 2 (JAK2), and signal transducers and activators of transcription 5 (STAT5) in IM-9 cells, but also in metabolic responses of BaF/GM cells, a stable clone transfected with cDNA of the chimera of the extracellular domain of human GHR, the transmembrane and the cytoplasmic domain of the human thrombopoietin receptor. These results indicate that the D112G mutation in the GH-1 gene causes production of bioinactive GH, which prevents dimerization of GHR and is therefore responsible for the patient's short stature. ( J. Clin. Invest.
Introduction
Growth hormone (GH) 1 is essential for postnatal growth. The primary pituitary diseases and pituitary GH deficiency due to hypothalamic dysfunction are the commonly held causes of GH-dependent short stature. A rare type of GH-dependent short stature is due to GH insensitivity, where the GH signal fails to transduce normally in the cells. The prototypical syndrome of GH insensitivity is Laron-type dwarfism, in which the GH receptor (GHR) is deficient or defective. Insensitivity to intrinsic GH despite the presence of normal GHR could be caused by bioinactive GH. Kowarski et al. first reported bioinactive GH in two children (1) . Findings suggestive of circulating bioinactive GH include high immunoassayable GH levels (whether basal or stimulated), low basal IGF-1 levels, and marked IGF-1 increase after exogenous GH administration, followed by improved somatic linear growth. The incidence of short stature caused by bioinactive GH may be low (2) , but several reports suggest the presence of Kowarski's syndrome (3-7). Valenta et al. reported a short child with circulating abnormal GH polymers (8) whose molecular basis is still unknown. We reported previously a short child with a mutant GH acting as a GH antagonist (9) . We demonstrate here a case of short stature with a missense mutation in the GH-1 gene causing a reduction in GH action.
Methods
Case report. The proband was born at 41 wk with a weight of 3,330 g and a height of 51 cm. At the age of 3 yr, her height was 79.4 cm (3.6 SD below the mean for age and sex). Her father's height was 161.0 cm, and her mother's was 147.0 cm. The parents were not related. Her sisters were all normal in height. Her bone age was delayed by 1.5 yr. On physical examination, she showed prominent forehead and hypoplastic nasal bridge with normal body proportions. Her serum IGF-1 level was 0.22 U/ml (normal range 0.30-1.50 U/ml). Plasma GH levels increased from 11.0 to 26.0 ng/ml under insulin hypoglycemia (0.1 U/kg regular insulin, intravenous injection), from 19.0 to 41.0 ng/ml with glucagon propranolol (0.03 mg/kg glucagon, intravenous injection, and 0.2 mg/kg propranolol, peroral ingestion), and from 3.7 to 51.0 ng/ml with GH-releasing hormone (1 g/kg, intravenous injection). Serum IGF-1 concentration was 0.28 U/ml at the basal level and increased to 1.21 U/ml after daily subcutaneous injections of 0.1 U/kg recombinant human GH (rhGH) (0.035 mg/kg) for 3 d. After 1 yr of treatment with 0.5 U/kg/wk (0.18 mg/kg/wk) subcutaneous injection of rhGH, serum IGF-1 level was elevated to 3.20 U/ml, and linear growth rate was improved, to 11.0 cm/yr compared to 4.5 cm/yr before treatment (Fig. 1) . Serum GH-binding protein (GHBP) level was 9.33 ng/ml (normal range 3.20-73.89 ng/ml).
Hormone assay. Serum human GH (hGH) concentrations were measured using an immunoradiometric assay kit (Pharmacia Biotech Inc., Piscataway, NJ).
GHBP assay. Serum GHBP concentrations were measured by a ligand-mediated immmunofunctional assay (10) .
Isoelectric focusing analysis. Isoelectric focusing was performed as described previously (11), with modifications. Serum samples (200-300 l) were electrofocused in 1% hydroxypropylmethylcellulose/4% ampholine buffer (gradient pH 3.5-8.0) at 200 V for 12 h and then at 500 V for 12 h. Fractions were collected and assayed for immunoreactive GH. A pool of serum samples from 10 normal subjects was mixed and used as control.
Genetic analysis. Genomic DNA was isolated from peripheral blood leukocytes as described previously (12) . DNA was amplified by PCR and analyzed as described previously (Fig. 2 A ) (9) . After identification of a mutation, direct sequencing was performed using a dsDNA cycle sequencing kit (Gibco Laboratories, Grand Island, NY) to exclude the possibility of misincorporation in PCR.
cDNA construction and expression of wild-type and mutant GH. GH cDNA was prepared as described previously (9) . Mutant GH cDNA was constructed by site-directed mutagenesis, and its accuracy was confirmed by sequencing. Wild-type and mutant GH cDNA were subcloned into the NcoI-BamHI site in pET-32a (Novagen, Inc., Madison, WI), and transformed into Escherichia coli A494(D3). Wildtype and mutant GH were expressed as fusion proteins with the E. coli thioridoxin gene trxA, extracted by sucrose treatment, and digested with enterokinase. These proteins were purified using antihGH antibody-immobilized column and reverse-phase HPLC, confirmed by SDS-PAGE, and assayed by ELISA using hGH-specific polyclonal antibody.
Characterization of the functional properties of mutant GH. Direct binding of wild-type and mutant GH to recombinant human GHBP (rhGHBP) was determined by immunoprecipitation. [ 125 I]hGH (0.6 Ci/ml), rhGHBP (0.6 nM), and anti-GHR mouse mAb (mAb 263, Agen, Brisbane, Australia) were incubated with increasing concentrations of wild-type and mutant GH in total volumes of 500 l at 4 Њ C for 16 h. 50 l 10% anti-mouse IgG (goat), 50 l 1% normal mouse serum, and 300 l 5% polyethylene glycol were then added. The reaction mixture was incubated for an additional 4 h at 4 Њ C, centrifuged, and the radioactivity of the pellets was counted with a ␥ -counter (Pharmacia Biotech Inc.).
Detection of the association of wild-type and mutant GH to rhGHBP was performed as described previously (13, 14). 5.4 M of either wild-type or mutant GH and 1.8 M rhGHBP were mixed in 0.2 M potassium phosphate (pH 6.8)/0.05% Tween 20 and equilibrated for 15 min at 25 Њ C. The reaction mixtures were then analyzed by HPLC. 50-l samples were applied to TSKgel G2000SW (Tosoh Technosystem, Tokyo, Japan) and eluted with 0.2 M potassium phosphate (pH 6.8) at 1.0 ml/min. Peaks were monitored by a fluorescence detector (Pharmacia Biotech Inc.).
GH-dependent tyrosine phosphorylation of GHR, janus kinase 2 (JAK2), and signal transducers and activators of transcription 5 (STAT5) in IM-9 cells was detected by Western blotting as described previously, with modifications (9, 15, 16) . Specific antibodies for GHR (mAb 263), JAK2, and STAT5 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) were used for immunoprecipitation and antiphosphotyrosine mAb (RC20H; Transduction Laboratories, Lexington, KY) was used for immunoblotting. Antibody binding was detected using an enhanced chemiluminescence kit (Amersham Corp., Arlington Heights, IL). Time course experiments of the tyrosine phosphorylation of GHR, JAK2, and STAT5 after GH stimulation indicated that the appropriate reaction times for quantitative analysis were 5 min for GHR and 10 min for JAK2 and STAT5 (data not shown).
Bioactivity of wild-type and mutant GH was also measured as rapid metabolic responses using the Cytosensor Microphysiometer (Molecular Devices, Menlo Park, CA), which is based on a pH-sensitive silicon sensor, the light-addressable potentiometric sensor (17) . The Cytosensor system monitors the rate at which cultured cells acidify their local environment. The acidification rate represents both a measure of the metabolism of cells through excretion of acidic metabolites such as lactic acid and CO 2 , and of the control of intracellular pH through the regulation of proton transport across the membrane (18). As energy metabolism and proton homeostasis are involved in many cellular biochemical processes initiated on receptor activation, this system has been used to study many differently coupled receptors, including other growth factors and cytokines (19-21). Thrombopoietin induces acidification of the medium of Ba/F3 cells in which thrombopoietin receptors were transfected (Takahashi, K., S. Hiroyuki, and J. Koga, manuscript in preparation). To establish a GH-sensitive cell line, the cDNA of the chimera of the extracellular domain of hGHR (cDNA 44-829, HindIII-MluI site), and of the transmembrane and cytoplasmic domain of human thrombopoietin receptor (cDNA 1474-1908, MluI-XhoI site) were constructed in pCR3-Uni (Invitrogen Corp., NV Leek, Netherlands) and transfected in Ba/F3 cells. Stable transfectant (BaF/GM cells) was selected using G418. Ba/F3-GM cells proliferated and acidified the medium depending on the concentration of hGH. BaF/GM cells were maintained in RPMI 1640 containing 10% FCS and 100 ng/ml hGH. The extracellular acidification rate of wild-type and mutant GH was determined as described previously (21, and our unpublished results). 24 h before the assay, the cells were fixed on soft agarose, and the medium was replaced with RPMI 1640 containing 10% horse serum. 4 ng/ml wildtype or mutant GH was added to the fluid, and the change of pH in the medium was monitored using the microphysiometer.
Results
Identification of the GH-1 gene mutation in the proband. On the basis of clinical findings for the proband, we suspected that her circulating GH might be biologically inactive. To clarify genetic pathogenesis of bioinactive GH, the sequence of her GH-1 gene was determined after PCR amplification of the genomic DNA isolated from peripheral leukocytes (Fig. 2 A ) . A heterozygous single-base substitution was identified in the proband's GH-1 gene. The mutation was confirmed by PCR direct sequencing analysis of genomic DNA (Fig. 2 B ) . The substitution is predicted to convert codon 112 from aspartic acid to glycine. The mutation was considered to be sporadic in the family studies (Fig. 2 C ) .
Detection of the mutant GH molecule in the patient's serum. The missense mutation in the GH-1 gene was predicted to cause the change in the isoelectric point in the molecule. We confirmed the presence of the mutant GH in her serum using isoelectric focusing analysis. This study revealed that an abnormal GH peak (pH 5.1) corresponding to the mutant GH was present predominantly in her serum (Fig. 3) . Quantitative analysis revealed that the amount of mutant GH was 3.7-fold greater than wild-type GH.
Failure of 1:2 GH-GHBP complex formation in the mutant GH. To assess whether this mutation of the GH-1 gene caused a reduction in bioactivity of GH, we performed additional studies to define the functional properties of the substituted aspartic acid for glycine at amino acid 112. The wild-type and mutant GH cDNAs were inserted into an expression vector, and both proteins were expressed in E. coli and purified. First, binding capability to GHBP was compared in wild-type and mutant GH. [ Isoelectric focusing analysis of GH in serum from patient ( A ) and control subjects ( B ). Fractions were pooled separately and assayed for GH immunoreactivity ( dotted open square ). The pH gradient formed during isoelectric focusing is indicated by ᭜ . The isoelectric point of GH was pH 4.9, and that of the D112G mutant was predicted to be pH 5.1. Wild-type and mutant GH peaks are shown as white and black arrows, respectively.
(1.2 Ϯ 0.4 nM, n ϭ 3) to GHBP was not different from that of wild-type GH (1.4 Ϯ 0.3 nM, n ϭ 3). hGH forms a 1:2 complex with the extracellular domain of its hGHBP (13). Second, the capability to dimerize the GHBP of mutant GH was determined. Sensitive solution assay based on gel filtration chromatography was used to distinguish 1:2 complex, 1:1 complex, and free-form GH (13, 14). The elution profile from HPLC gel filtration revealed that mutant GH tended to form a 1:1 complex with GHBP, unlike wild-type GH (Fig. 4) . Quantitative analysis revealed that the ratio of 1:2 complex to 1:1 complex was 1.24 for wild-type and 0.46 for mutant GH, respectively.
Decreased tyrosine phosphorylation by mutant GH of GHR, JAK2, and STAT5 in IM-9 cells. Subsequently, we analyzed the potency of wild-type and mutant GH to transduce the GH-dependent signal via GHR in the cells using Western blotting. Human myeloblast cell line IM-9 cells which express GHR show dose-dependent tyrosine phosphorylation of GHR (15) . Mutant GH was less potent in stimulating tyrosine phosphorylation of GHR than wild-type GH in these cells (Fig. 5) . Next, the potencies of wild-type and mutant GH to phosphorylate tyrosine residues in JAK2 and STAT5 were quantified. In tyrosine phosphorylation of JAK2, the potency of mutant GH was significantly reduced, to 26 Ϯ 7% compared to wild-type GH (Fig. 6, A and B ) , and to 18 Ϯ 14% in STAT5 (Fig. 7, A and B ) .
Less acidification activity of mutant GH in metabolic responses. To determine bioactivity as metabolic responses of mutant GH in vitro, we used BaF/GM cells in medium acidified by hGH in a dose-dependent manner using a microphysiometer. BaF/GM cells stably express the chimera of the extracellular domain of hGHR and of the transmembrane and cytoplasmic domain of human thrombopoietin receptor, and sensitively respond to hGH. Since the bioassay system using BaF/GM cells was artificially constructed, it remains to be elucidated whether the responsiveness of the cells to GH is physiological. Addition of wild-type GH resulted in a significant decrease in medium pH, while mutant GH exhibited 38% potency to acidify the medium compared to wild-type GH (Fig. 8) .
Discussion
There have been several reports that bioinactive GH may be responsible for growth retardation (1) (2) (3) (4) (5) (6) (7) (8) . However, the molecular basis of bioinactive GH has not been elucidated. We have recently found the missense mutation R77C in the GH-1 gene of a 4.9-yr-old boy with severe short stature ( Ϫ 6.1 SD). The R77C mutant GH possessed a 6 times greater affinity to GHBP and inhibited the ability of 10 times more wild-type GH to stimulate tyrosine phosphorylation in IM-9 cells, therefore showing a dominant negative action (9) . Because of the potent antagonistic action of R77C mutant GH, serum IGF-1 levels were unchanged by 3 d of daily subcutaneous injection of 0.1 U hGH/kg body wt, and both serum IGF-1 levels and rate of linear growth appeared to increase transiently, but subsequently returned to values from before GH treatment despite continuation of GH therapy, indicating that GH treatment was ineffective in the patient with R77C mutant GH. We report here the first case of short stature in which characteristics were compatible with the criteria of bioinactive GH syndrome first suggested by Kowarski et al. (1) . The proband was a 3-yr-old girl with short stature (3.6 SD below the mean for age and sex) and delayed bone age. She showed high basal serum GH levels and marked GH increases in response to provocative stimuli despite low IGF-1 levels. Her impaired somatic growth was significantly improved with exogenous GH treatment. These clinical findings suggest that her short stature may be caused by a biologically inactive GH. Using isoelectric focusing analysis, we found the presence of abnormal GH molecules in her serum. Sequence analysis of GH-1 gene revealed a mutation: aspartic acid was substituted for glycine at codon 112.
The crucial amino acid residues in the GH molecule for GH binding to its receptor were identified using homologueand alanine-scanning mutagenesis (23, 24) . GH is one of the cytokine family and consists of four ␣ helixes. Cunningham et al. (13, 23, 24) found that GH contains two separate binding sites, 1 and 2, for GHR/GHBP binding. Site 1 is a larger binding site, and consists of weak determinants in helix 1 and stron- Figure 4 . HPLC profile of free GH and GH-GHBP complex. Concentrations of wild-type and mutant GH were calibrated by HPLC, and 5.4 M of wild-type or mutant GH and 1.8 M of rhGHBP were mixed and equilibrated for 15 min at 25ЊC. Peaks indicated by dotted lines are, 1:2 GH-GHBP complex, 1:1 GH-GHBP complex, and free form GH, respectively. Figure 5 . GH-dependent tyrosine phosphorylation of GHR in IM-9 cells. IM-9 cells were treated without GH (Ϫ), or with 100 ng/ ml wild-type or mutant GH for 5 min at 37ЊC. Detergent lysates of these cells were immunoprecipitated by anti-GHR antibody (mAb 263) and analyzed by Western blotting using an antiphosphotyrosine antibody (␣PY) conjugated to horseradish peroxidase. Sizes are indicated to the left in kD. Arrow indicates GH-stimulated tyrosine-phosphorylated GH receptor.
ger ones in the loop from residues 54 to 74 and in the central portion of helix 4. Site 2 determinants are located in the extreme amino terminus in the central portion of helix 3. Codon 112 in which the mutation was found in our patient is located in the third ␣ helix of the GH molecule within site 2. It is generally accepted that GH binds two molecules of GHR-GHBP simultaneously through sites 1 and 2 to form a GH и (GHR-GHBP) 2 complex. Mutational analysis revealed that disruptive mutations in site 1 could not form 1:1 complexes of GH and GHBP, whereas mutations in site 2 could, suggesting that the complex forms sequentially-that is, GH binds one molecule of GHBP in site 1, then binds a second GHBP in site 2. Therefore, it is plausible to speculate that the mutation in codon 112 of the GH-1 gene may not affect the binding of GHBP in site 1. Supporting this assumption, inhibition by mutant and wild-type GH of [ 125 I]GH binding to rhGHBP was nearly identical in our study. Sensitive solution assay based on gel filtration chromatography of the complex revealed that mutant GH tended to form a 1:1 complex with GHBP, unlike wild-type GH. These results indicated that mutant GH could bind to GHBP but was less potent in forming a 1:2 complex with GHR-GHBP by which the GH signal was transduced in the cells. Crystal structure analysis revealed that D112 was within the contact area touching the second hGHR (24) . D112 is located in the third ␣ helix of the GH molecule, and substituted glycine is not supposed to be favored in the he- Figure 6 . (A) GH-dependent tyrosine phosphorylation of JAK2 in IM-9 cells. IM-9 cells were treated without GH (Ϫ), or with 100 ng/ml wildtype or mutant GH for 10 min at 37ЊC. Detergent lysates of these cells were immunoprecipitated by anti-JAK2 antibody and analyzed by Western blotting using an antiphosphotyrosine antibody. The membranes were stripped and reprobed with anti-JAK2 antibody (bottom). Sizes are indicated to the left in kD. Arrow indicates GHstimulated tyrosine-phosphorylated JAK2, and arrowhead indicates JAK2. (B) Density of JAK2 bands was quantified with a densitometer, normalized by the quantity of JAK2, and compared in wild-type and mutant GH. MeanϮSE values of three independent experiments were presented. lix conformation. Therefore, the mutation could disrupt the third ␣ helix and change the conformational structure of site 2. Cunningham et al. (13) analyzed the EC 50 values for GHBP dimerization by various mutant GH produced by alanine-scanning mutagenesis using the fluorescence homoquenching method. In their report, D112A showed EC 50 values similar to those for wild-type GH, suggesting that aspartic acid at codon 112 was not so important for site 2. Taken together with our data, it is possible that the substituted amino acid glycine influenced the function of site 2.
Dimerization of the GHRs induced by GH binding and subsequent sequential phosphorylation of protein tyrosine residues are crucially important for the signal transduction of GH. Mutant GH was significantly less potent than wild-type GH in stimulating tyrosine phosphorylation of GHR, JAK2, and STAT5 in IM-9 cells. Sensitive bioassay for hGH as acidification rate responses using BaF/GM cells revealed that D112G was less potent than wild-type GH in acidifying the medium in physiological concentrations. These data indicated that D112G was less bioactive in exerting metabolic responses than wild-type GH.
It is of interest that mutant G120R, which is artificially introduced in site 2, prevented binding of the second GHBP (25). This analog was inactive as an agonist but acted as an antagonist to hGHR in IM-9 cells (15) . Also, a G119R variant of bovine GH antagonized the action of GH when overexpressed in transgenic animals (26) . Taken together with our data, the mutation around the site 2 epitope of the GH molecule seems to disrupt the dimerization of GHRs, thereby inhibiting the signal transduction of GH.
Isoelectric focusing analysis of the proband's serum revealed that mutant GH was predominantly present, unlike wild-type GH, despite the heterozygous mutation. That finding provides a plausible explanation for why this child suffered from short stature, but the mechanism by which the mutant GH level exceeded that of wild-type GH remains unknown.
In conclusion, we found a heterozygous missense mutation D112G in the GH molecule of a child with growth retardation. This mutant GH was bioinactive, since receptor dimerization and post-receptor signal transduction were significantly impaired compared to wild-type GH.
